345035

NASA TECHNICAL | NASA TM X~52622
MEMORANDUM |

NASA TM X-52622

STALL AND DISTORTION INVESTIGATION
QF A YTF30-P-1 TURBOFAN ENGINE

by John H. Povolny
Lewis Research Center
Cleveland, Ohio

TECHNICAL PAPER proposed for'preséntation at
i i ibility. i | RTATIONAL TECHNICAL
Al_rfra.me-Propulsmn Compatibility Symposium, " \NFORMATION SE%V‘CE
sponsored by the Air Force AeroPropulsion Laboratory s QEPARTUEN S SO
 Miami Beach, Florida, June 24-26, 1969 '
(NASA-TM-X-52622) STALL AND DISTORTION  N74=77507

-INVESTIGATICN OF A YTF30~P~1 TURBOFAN

ENGIKE (NASA) 18 p
Unclas

00,99 52157



STALL AND DISTORTION INVESTIGATION OF A
YTF30~-P-1 TURBOFAN ENGINE
by John H. Povolny

Lewis Research Center
Cleveland, Ohio

TECHNICAL PAPER proposed for presentation at

Airframe-Propulsion. Compatibility Symposium
sponsored by the Air Force AeroPropulsion Labora,tory
Miami Beach, Florida, June 24-26, 1969

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION "
{



STALL AND DISTORTION INVESTIGATION OF i
YTFBG P-1 TURBOFAY ENGINE

by John H. va&
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Abstract

Preliminary results on -a YIF30-P~l engine are presented from a program that
was instituted at the NASA-Lewis Research Cemter te evaluats and understand the
effect of both steady state and dypamic distortioms on the performance and stall
characteristics of advanced turbine engines. The high response compressor inter-
stdge instrumentation and specialized testing techniques that were zrequired for
the conduct of this program are described herein, and some of the daca so obtained
are presented, The preliminary results indicate that the instrumectation and
specialized techniques do provide invaluable information that will help
immebsurably in formulating engine dynamic simulations.

1. Introduction -

Operational limits of propulsion systems may restrict the capabiliries of
'subsonlc and supersonic aircraft, One such limit of gas turbine propulsion systems
“is compressor stall or surge. The performance and operating limits of the engine,
respecially the compressor, are influenced by the flow conditions at the compressor
inlet, This leads to the necessity of adequately matching the inlet 2nd engine so
that the capabilities of the aircraft are not cowmprofiised by the flow coundition
supplied by the inlet and/or the susceptibility of the engine compressor to the
inlet flow condition,

A program to evaluate and understand the influence of both steady state and
dynamic inlet disturbances on the operating limits of advanced turbine engines
has been initiated at the NASA-Lewis Research Center. The objectives of thie
progrem are presented in the first figure. The "first engine to be investigated
in this program was a YIF=30 P-1 afterburning turbofan engine which was selscted
as being typical of those used or proposed -for supersonic militsry aircraft.
To accomplish the desired evaluation and understanding it was necessary to develop
a high response measurement capabflity for pressures within as well as at the
inlet and exit of the compressors, Such capability is required in order to determine
the location of the occurierce of stall and its progressicn through the compressor,
it was also necessary to develop and evaluate some specialized testing technigues
that would either provide the desired environment or would imftiste the compressor
stall in a desired location. In the interest of brevity, this paper will present
a synopsis of. this work to date, while hitting some of the high spots.. An NASA
report (ref. 1) has been issued on the first phase of this progrem; it covers a
compressor stall evaluation of the YTF30-P-l engine with no-iniet distortions. A
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second report covering the effects of steedy state distortions on the performance
of this engine is currently underway, and the data for s report on the effects of
dynamic distortions is currently being analyzed. Some typical date from each
phase of the program will be presented herein.

II, Engipe Instrumentation

High response compressor pressure ingtrumentation was installed at the fan
inlet (sta, 2.0), first stage stator (sta. 2.1l) fan tip outlet (sta. 2.3f),
fan hiib outlet or low compressor inlet (sta. 2.3), sixth stage stator (sta. 2.6)
low compressor outlet (ninth stage) or high compressor inlet (sta. 3.0), twelfth
stage stator (sta. 3.12), and high compressor outlet (sixteenth stage and sta. 4.0),
There were also high response pressure measurements in the combustor, fan duct
and afterburner, as well as conventional steady state instrumentation throughout
the engine, Capablllty was provided in the fan inlet rakes for a total of 40
high response total pressure measurements but this total was urilized only where
required because of data acquisition limitations. All of the other compressor
high response lnstrumentatlon consisted of twe pairs of total and static pressures
located approximately 180° apart installed at each of the stations indicated above,
The response of these probes was linear within 45% out to about 500 cps. A
sketch of a typical interstage probe is shown in figure 2, Miniature transducers,
1/4 inch in diameter, were used and were located as close to the probe inlet as
possible ( <« 2 inches) Inasmuch as the transducers were limjited to an operating
temperature of 170°F (the gas temperature was higher than this at majy of the
stations) and their calibrations were sensitive to temperature, it was decided
to water cool all of them so that they would be at a low uniform temperature.
The transducers were thus mounted in & water cooled jacket, the individual
assemblies of which could be removed for repair without having to remove the rake
or probe from the engine. In spite of the aforementioned precautions it was
determined from preliminary calibration of these transducers that zero and sensitivit
shifts occurred as a function of time, Therefore a system was devised to calibrate
these transducers in their operating environment inside the engine just prior to
recording data. Details of this calibration system and the instrumentation are
presented in the reference 1, The high response datas were rficorded simultaneously
on a high speed digitizer recorder and om magnetic tape. Lnasmuch as the digitizer
had a sampling rate of only 60 samples per second,;the digitized information was
: used just prior to stall; the actual stall point and sequence of events during
stall were obtained from the magnetic tape analog traces.

TII, Engine Installation

The engine installation in the altitude chamber was a conventional direct
connect type, The altitude chamber included a forward bulkhead which separated
the inlet plenum from the test chamber. Conditioned air was supplied to the
plenum at the desired pressure and temperature. The chamber aft of the bulkhead
was evacuated to the desired altitude pressure, The conditioned air flowed from
the plenum through a bellmouth and inlet duct to the engine., A high response
bypass valve located in the bulkhead allowed some air to bypass the engine and-
was automatically controlled to maintain a constant inlet pressure and ram
pressure ratio across the engine during both steady state and transient engine
operation. The exhaust from the engine was captured by a collector extending
through a rear bulkhead and discharged into the facility exhaust system wherein
the exhaust pressure was maintained constant by automatically controlled valves.
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iV, General Test Froca&ure.

The inveastigation was conducted at a2 prnolﬂu ﬁumbea index of 2.5 with an
inlet tempevetyre of 60°F (162C). This resulted inm an inlet tocal pressure of 7.5
psia (5.2 N/em' ). Ram pressure ratic across the engine was held constant at 3zl
to assume a choked exhaust nozzle for all operating conditions. Tuese test
conditions were selected for severgl ressons. First, this Reynolds number index
correaponds. to a range of flight condirions representetive of thy flight regime
of a supersonic eircraft, sand second, the loss in performance due o HReynolds
numbey effect was not expected to be significant at this level. Also, the pressure
loadings om the instrumented compresscr casing would be lower than at sea level
pressure especiazlly during stall and coupresscr surge.

In the initial stages of the progrsm when operatiang the engine without
inlet distortions two techniques were employed to induce stsll in tne three
compressor units (fen, low compresser, and high compreszo: 7. The low pressure
compressor operating line wes vaised toward the stell limit by increasing the
exhsust nozzle area above reted; the engine was then very slowly accelerated
(10 to 20 rpm per second) uetil the engine either stalled or reached one
of its operating limigs. In a similar mwanner the exheust nozzle was closed to
raise the operating lines of the high compressor anfl fan unit, and again a slow
acceleration was = uwsde until stall oecurred in one of these units or an engine
vperational limiz was reached, The swlow accelerstion was used to keep the engine
cloze to the steady stete operating line for the particular exhaust nozzle area
being employed., Data from the transient instrumentatiem were recorded doring
these zlow accelerarions until sometime after the engine had stailed, The second
methed of inducing stall (in the high compressor) was to inject an increment of
fuel into the engipe fuel system, which increment would cause a step increese in
pressure at the high compressor exit. The size of the fuel step was then successively
increased uvntil gtall was encountered in the high compressor, 5Htall date were
obtzined in the aforementioned manners over a range of rotor corrected speeds
from idle to meximum, In addition to the foregoing there were some high response
atall detection, overspeed and overtemperature systems that were emploayed to protect
the engine durlng stell; these systems are slso described in veference 1, There
were also some newly developed “techniques employed for stalling the engine and
creating distortions which will be described in a subsequent seciion,

VD Clean Inlet Stall Data

Analysis of the trensient data to obtain stall presgure raties and -rotor
corrected speeds for each stage group and for each compressor component (fan,
low, end high) wes done im two stepss (1) -idéntification of the stage group and
camponent that stalled firsty and (2} determination of the pressure ratie gnd
corrected speed for that group and component immedlately prior to stall., Identifs
cation of the unit stalling first was made from the analog tetal pressure time
histories, A drop in the discharge and & corresponding rise in the inlet pressure
of the group of siages or component identified it as stalling firsit. Fressures
falling downstveem and rising upstream of the stage group also aided in the
jdentification, 'The pressure ratio and corrected apeed of the stalling wnit were
taken from the computed ontput of the high speed digital system when stalls were
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obtained with slow accelerations, For the fuel gtep transieni-data, the rate of
change of pressure was too great for the digital system and the enginaering data

were computed from the .analog traces,

In some -cases a method of analysis was. used. (ref..Z) for determining .the.
stall pressure ratio of .stages. ahead of the stage .that.stalls initially. This.
method 1s based on the fact .that as the first stage .stalls 1ts flow 1i8. reduced
so. rapidly. that the .pressure. at the exit.of the preceding stage.will rise before-
the inlet -pressure of that stage is affected. Thus, -this stage.in-turn.stalls
.and- the process .is. repeated until the. stall has progressed. completely through the
compressor. to the .inlet.. . The fuel step technique:.usually initiates stalls.in
the downstream stages of the high compressor, -and thus with this technique
the stall pressure ratio of -&ll-stage groups: . .can be determined from &
single transient, : .

Typical time histories of pressures in the compressors for three types of
observed. stalls.are presented in figures 3, 4,-and 5. Figure 3 shows.a. slow accel-
eration to .a low.compressor stall with a large exhaust-nozzle .area . (1B6% of rated);
figure 4 shows a slow.acceleration to a high compressor stall wmith & small exhausy
nozzle area. {78% of rated); and figure 5 shows .a. typical .fan.rotating stall pattern
which often followed. a. hard -stall in either of .the other compressors. - The vertical:
lines on each curve are for time correlation and each interval represents 0.01
sec, Figure 3 (low compressor stall) shows a rise in PT .(aixth. stage) and a
drop off in Py (ninth stage) occurring shortly before thé abrupt.changes in the
other pressures indicating the initiation of stall .in-the group consisting of
stages 6 through 9. .The progression of.stall forward from station 2.6 (sixth
stage) to 2.3 (third stage), 2.1 (first stage), and.finally.2.0 (inlet face of -
engine) is also shown. Figure 4 (high compressor. stall) :shows a simultaneocus rise
in Pr,3.12 (twelfth stage) and a drop in Pp 4 (-sixtkenth.stage or compressor
exit) mndacating that: the stall originated between those locations. The progression
of the stall forward through the compressors.can be ssen in this case,-also.
Figure 5 (fan. rotating stall) .indicates that a.single zone stall pattern rotating.
at 43. percent. of .low rotor (fan) speed was occurring. The 180° phese shift
.indicated.by;the two Pp .2 3 traces.which were approximately.l809.apart, confirm
the one zone.pattern, The pressure rise at station 2,1.(stage one) :and- the simultaneous
drop offvat.station 2.3 (third. stage) .indicate.that the .stall was originating some-
where between the first .and third stages. The drop off . in pressure in all.
of the succeeding stages indicates that its effect was £€lt all the way through
the low and high compressors. .. -

The effect of the rotating stall on engine operation is presented in figure 6
-which shows.that the engine could not be accelerated above a .high rotor speed of
about 11,800 rpm while in rotating stall. This was due to a shift in the operating
line. of the engine which intersected. the fuel control.acceleration schedule -at
-about. 10,800 rpm thus preventing.any further.acceleration,. In the interest of
. brevity nome of the compressor and fan maps (with.stall.lines) that were obtained
in this program will be presented (they are atdilable in ref. 1), Suffice it to
say, .-however, that in this program, as:in other similer programs, there were.
determined to be discrepancies between compressor rig ddta and compressor data
obtained on the engine. It appears that at least a part of this discrepancy



is a result of the different environment that the compressor is exposed to on the
engine as compared to the rig and this difference may be clussified as a distortion
effect. For example, the low compressor discharge velocity, temperature, and
pressure profiles which are fed into the high compressor may be completely
different than those in the rig test and could have a very significant effect

oi 1ts performance.

Vi, Special Techniques and Results

Four special testing techniques that have been or are about to be employed
in this program are indicated in figure 7. The pressure jet distortion system
has been employed on the TF-30 engine te produce both steady state distortions
and fluctuating pressures in the inlet duct ahead of the engine, The engine
effects obtained when producing steady state distoertions with the jets were
practically identical to those obtained when using screens but were much easier.
to run off. Some of the preliminary results obtained when using the jets to
produce fluctuating pressures will be discussed in succeeding paragraphs The
temperature distortion device has not been used to date but it has been built
and is about to be checked out, It consists of a large (5% ft. diameter) hydrogen
burner mounted in front of the engine inlet bellmouth and has the capability of -
producing steady state c1rcumterentlal and radial distortions, or previding temp-
erature ramps as high as 5000°F per second, The choked inlet duct also has not been
run on the TF-30 engine but will be shortly. It is similar to the device used
by Kimzey (ref. 3) and has the possibility of simulating the environment previded
by an aircraft inlet, This possibility is one of the items that will be checked
out when the choked inlet is employed. The feurth technique invelves reversing
the flow in the compressor discharge ports and hence the name "compressor dis-
charge in-flow bleed." It, of course, requires an external source of high pressure
air but has the advantage of being able to "sneak up'" on the stall limit of the
high compressor at high corrected speeds without over temperaturing the turbine.

A photograph showing the arrangement of the pressure jet system jet nozzles in
the engine inlet duct is presented in figure 8, and a photo showing an externsl
view of the engine installation with the pressure jet system installed is
presented in figure 9, In this system secondary jets of air are 1nJected counter
to the primary air flow in the engine inlet duct forward of the compressor face,
Throvgh control of the secondary-air distribution and flow rate, varlable amplitude
steady state or dynamic pressure distortions or uniform dynamlc pressure oscillations
can be produced. As can be seen in figure B8, the secondary jet nozzles are uniformly
distributed circumferentially and radially in a pattern that repeats every 60
degrees of circumferential extent. Six high respense servo- -operated valves,
designed especially for this application, are employed to control secondary air flow
to each 60-degree segment, Separate flow lines are provided from each control valve
to each jet nozzle in the segment with all lines having equal cress-sectional ‘area
and length., Momentum interchange between the secondary and primary streams oeccurring
upstrean of the jet uozzle array is primarily responsible for the total pressure loss
that is generated. The amount of total pressure loss incurred is controlled by
varying the seccendary air flow. If it is varied in a pulsating manner then a
pulsating pressure is generated at the engine face.



-6 -

The performance of the pressure jet distortion system when operated in. the
pulsating mode-  (all jets. operating) -is summarized.in .figure. 10 wherein the ratio
of engine. inlet total pressure amplitude to engine.inlet.steady state (average) -
pressure is plotted.against the. frequency of.the. pressure.osecillation. - It.can
be. seen that the amplitude .is relatively constant -at.a.value.slightly greater than-
0.3 out to a frequency.of about 20 HZ at which.podint.it .rapidly falls off -to a
value. of slightly less than 0,10, . It.would be .desirable - to:maintain.the amplltude
at the higher value. out.to as-high a- frequency as.possible. and- some- work: is-
currently being performed toward that end. - -Preliminary.results. indzcatelthat it -
should. be possible -to achieve,anfamplitudeuof about..0.20. 8t .a frequency of 100 HZ,
A plot of some of the individual pressure.measurements.at. the.enggine inlet. face
as a function of.time is.presented in .figure. 1l .for.a.pilsation.frequency: of.

.10 HZ, It can be seen that.all of the: individual. pressure.measurements are very
well . in phase and close tagether in amplltude -and. that-.a. reasonable approximation
to & sine wave was obtained.: - : - :

-Some of the .preliminsry engine performance-dpta .obtained when pulsating
.the .inlet at .a frequency.of 10 HZ are presented .in.figures.l2.end 13.. Figure 12
.presents.the variation. of .a. number of compressor- interstage.pressures. 48.-8
function of time. for.an average steady state.inlet..total pressure of-7.4 psia
-and. 87 percent..corrected speed. The.significant . .items. to-nete on this curve

are. that the pressures.measured .at.the high compressor..discharge. {sta..4) -and

fan tip discharge. {(sta. 2.3F) -appear.to.be. more-attenuvated .and seem to-have more
- of .a. phase shift with respect. to.the. preceding.stage.messurement. than.any-of the -
-other. measurements, It is.interesting to.note.that. in .each. of these . two..cages
. there .is.a relatively. large volume behind. the station.in:question (combustor
volume behind sta, 4.and fen duct volume behind- sta.-2.3F)...If the pressure

- ratios across the various .stage -groups are computed..from.the.data. in figure 12
- and.pletted in a similar manner agalnst time. the.resulting curves

- presented..in figure- 13.are.obtained. . .Here again-the.significant pressure- ratio
.curves are for‘theustage.gnoupsuimmgdlatelywadjacent.to a.large wolume. (stage -
group 2,0 to 2.3F .and stage group 3.12 to-4.0),. It.is to be noted -that not

only do these two stage groups go through a much .greater pressure ratio. variation
but their swing above their steady state value of .pressure.(indicated by the short
-horizontal line on the right and measured.just .prior. to.the..pulsation) is.
-gignificantly preater .than below . it. The data.presented. in.figures. 12 and 13
were obtained at an amplitude. just slightly less. than. that .required to stall the
compressor and is considered .to be typical of conditions .just prior .to stall.
- Examination of the. analog traces at the stall.point.indicated. that .the stall ...
originated in the back end.(stages 12-16) of the .high.compressor. even though -the
pressure ratio excursion &cross-the fan tip: (stages 1-3F) was- greater. Apparently
the fan has more stall. margln built .into it -thanvthe. hlgh .COmPTessor. .

Lf the -ratio. of peak pressure .ratio-to- steady state. pressure. ratio: for the
-various.stage. groups is. plotted -againat frequency -for . seome-of.the.data -obtained .
~to-date the. resulting -curves .presented. in.figure.l4.are-obtgined.- - .Here-again, -

the interesting curves are for the 2-2.3F and 3.12-4.0 stage groups. The data re-
presented by the solid lines were obtained for an imlet amplitude of about 0.28
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and are representative.of performance just. prior to-stall, -The data represented -
-by. the dashed curve are.extrapolations-of trends ebtained et # lower -inlet
-amplitudeuanduare;probablydrepreseatatﬁwg.oguthe-pexﬁg@mgnceathatwmightpbamobtaiﬁed
if.the.engine.did .not stall-at :the highﬁ;.gmgliaﬁd@.{ﬁhg‘highgr,amplitudes weren't
obtainable -at. the higher-frequencite,) - -In.additien to-analyses, .similer Lo those

described,nthetmarepcusrently”underuwaymthe»resultﬁ of this. investiggtion (in
the form.of. generalized stage group-performance) are -also belng utiliged in
formulating an.engine: dynamic.simulation.. . - S ; . .

vIL

__Concluding Remarks

Preliminary results of a progrqh to investigete the stall ‘end distortion.
cheracteristics of a turbofap engineftndicate,that: s

(1) Data from detailed high response compressor interstege ipstrumentation
can provide an insight into the stall mechanism, irs ofigin and progression through
the compressor system, and the compressor interaction with other engine components.

(2) It is possible to evaluate in an engine the static and dyﬁamic
performsnce of each compressor component, stage group or even individual atages
by the employment of specialized techniques, degcribed herein.

(3) Results obtained on a component in an engine are not necessarily the
same as those obtained in a component rig because of differences in inlet
environment end component interactions. :

(4) Information obtained from the type of program described herein will be
invaluable in formulating and verifying the dynamic simulation of a turbofan
engine both with and without inlet air distortions,
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CURRENT FULL SCALE ENGINE PROGRAM OBJECTIVES

1. EVALUATE STALL AND DISTORTION CAPABILITIES OF A HIGH
MACH NO. AFTERBURNING TURBOFAN OVER THE RANGE
OF FLIGHT MACH NO.

2. PINPOINT THE ORIGIN OF THE STALLS AND DEFINE THEIR
PROGRESSION THROUGH THE MACHINE

3. DEFINE THE DYNAMIC INTERACTIONS OF THE VARIDUS
COMPONENTS SUCH AS THE COMPRESSORS, AFTERBURNER,
COMBUSTOR, AND INLET

4, FORMULATE AN ENGINE SIMULATION USING THE INFORMATION
FROM ITEMS 1, 2, AND 3 THAT WILL ACCURATELY PREDICT
ENGINE PERFORMANCE FOR ALL FLIGHT ENVIRONMENTAL
CONDITIONS THAT COULD BE ENCOUNTERED

5. WORK OUT SOLUTIONS TO BASIC ENGINE PROBLEMS THROUGH
UNBERSTANDING RATHER THAN TRIAL AND ERROR

Figure 1.
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Figure 6. - Fuel schedule for YTF30-P-1 turbofan engine. Total femperature at station 2, 59° F (15° C),
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Figure 7. - Four special testing techniques used to determine engine
transient and stall characteristics.
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Figure 8. - Pressure jet stream installed in engine inletduct { view looking
toward engine inlet).
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Figure 9. - Pressure jet system installed (external view of engine inlet duct).
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Figure 10, - Maximum engine inlet pressure amplitude
over a range of input frequencies.
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Figure 11, - Variation of engine inlet pressure with time, 1nput

100
0

TOTAL PRESSURE,
PSIA

10

4

]

.02 .04 03

TIME, SEEI ' C5-50723

frequency, 10 Hz.

STEADY STATE Prp 7.4 PSIA
ENGINE SPEED 8%

INPUT FREQ 10 Hz COMP STATION

4 {HP EXIN)

[
L~ MAX LOCAL PRESSURE

/"""_i\______._a_ 12

T~ ——30P B

i
1

mf’——i\—-——-——z,a

23
2 3F (FAN EXIT)

M

1
— !

_/_l\____/ 2{INLED)

! I 1 I H

.02 .04 .06 .08 10
TIME, SEC C5-50724
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sures during uniform engine inlet pressure variations,
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